Regulation of gene expression involves formation of specific protein-DNA complexes in which the DNA is often bent or sharply kinked. Kinetics measurements of DNA bending when in complex with the protein are essential for understanding the molecular mechanism that leads to precise recognition of specific DNAbinding sites. Previous kinetics measurements on several DNAbending proteins used stopped-flow techniques that have limited time resolution of few milliseconds. Here we use a nanosecond laser temperature-jump apparatus to probe, with submillisecond time resolution, the kinetics of bending͞unbending of a DNA substrate bound to integration host factor (IHF), an architectural protein from Escherichia coli. The kinetics are monitored with time-resolved FRET, with the DNA substrates end-labeled with a FRET pair. The temperature-jump measurements, in combination with stopped-flow measurements, demonstrate that the binding of IHF to its cognate DNA site involves an intermediate state with straight or, possibly, partially bent DNA. The DNA bending rates range from Ϸ2 ms ؊1 at Ϸ37°C to Ϸ40 ms ؊1 at Ϸ10°C and correspond to an activation energy of Ϸ14 ؎ 3 kcal͞mol. These rates and activation energy are similar to those of a single A:T base pair opening inside duplex DNA. Thus, our results suggest that spontaneous thermal disruption in base-paring, nucleated at an A:T site, may be sufficient to overcome the free energy barrier needed to partially bend͞kink DNA before forming a tight complex with IHF.
Regulation of gene expression involves formation of specific protein-DNA complexes in which the DNA is often bent or sharply kinked. Kinetics measurements of DNA bending when in complex with the protein are essential for understanding the molecular mechanism that leads to precise recognition of specific DNAbinding sites. Previous kinetics measurements on several DNAbending proteins used stopped-flow techniques that have limited time resolution of few milliseconds. Here we use a nanosecond laser temperature-jump apparatus to probe, with submillisecond time resolution, the kinetics of bending͞unbending of a DNA substrate bound to integration host factor (IHF), an architectural protein from Escherichia coli. The kinetics are monitored with time-resolved FRET, with the DNA substrates end-labeled with a FRET pair. The temperature-jump measurements, in combination with stopped-flow measurements, demonstrate that the binding of IHF to its cognate DNA site involves an intermediate state with straight or, possibly, partially bent DNA. The DNA bending rates range from Ϸ2 ms ؊1 at Ϸ37°C to Ϸ40 ms ؊1 at Ϸ10°C and correspond to an activation energy of Ϸ14 ؎ 3 kcal͞mol. These rates and activation energy are similar to those of a single A:T base pair opening inside duplex DNA. Thus, our results suggest that spontaneous thermal disruption in base-paring, nucleated at an A:T site, may be sufficient to overcome the free energy barrier needed to partially bend͞kink DNA before forming a tight complex with IHF.
DNA bending kinetics ͉ laser temperature jump ͉ protein-DNA interactions ͉ time-resolved FRET measurements R egulation of gene transcription in both prokaryotes and eukaryotes involves formation of specific protein-DNA complexes of higher order, by bringing distant regions of DNA together. Such structures frequently require specific proteins that can kink, bend, or curve DNA. Sharply bent DNA is also critical for the packaging of DNA inside the cell. In many protein-DNA complexes, the protein also undergoes extensive conformational rearrangements that facilitate favorable interactions with DNA. These concerted changes in proteins and DNA are believed to be a key feature underlying the induced-fit mechanism proposed for the recognition of specific binding sites on DNA by proteins. An understanding of the forces that are responsible for the sharp bending of DNA and protein rearrangements to form specific complexes are thus of considerable biological significance. The details of the recognition mechanism remain elusive. In particular, very little is known about the dynamics of the conformational rearrangements that lead to the precise recognition.
A wealth of crystallographic studies that provide threedimensional structures of the protein with and without the DNA substrate have offered much insight into the conformational differences among specific and nonspecific protein-DNA complexes and free protein (1, 2) . A dramatic distortion of the canonical double-helix structure is observed in several DNAprotein complexes that bend DNA, sometimes by nearly 160°o ver a few helical turns (3) (4) (5) (6) (7) (8) . The energetic costs of DNA bending on such short lengths is compensated by very specific interactions between protein and DNA that lower the free energy of the complex.
One fundamental question underlying the binding mechanism is whether the protein binds to DNA and then distorts it or whether the DNA is capable of undergoing spontaneous fluctuations in which the distorted conformations are energetically accessible, and the protein binds with high affinity to these distorted conformations (9) . Sharply bent or kinked DNA conformations that are thermally accessible could be playing an important role in the binding of proteins to DNA (10, 11) . Another fundamental question is whether the rates of DNA bending play a role in the exquisite specificity shown by DNAbending proteins. For example, slower rates of DNA bending or unbending at noncognate sites may be a contributing factor to the specificity of binding (12) . Answers to these questions will come from careful kinetics measurements of DNA bending dynamics with and without the bound protein.
The kinetics of protein-DNA interactions for several systems, in which the DNA is bent in the complex, has been investigated with stopped-flow techniques to address the question of whether DNA binding and bending is sequential or concerted (12) (13) (14) (15) . The salient result from these published measurements is that the relaxation kinetics measured by spectroscopic probes that monitor DNA bending (e.g., fluorescent donor and acceptor pair attached at either end of a short DNA oligomer, to monitor the end-to-end distance) are indistinguishable from the relaxation kinetics measured by spectroscopic probes that monitor the bimolecular association step (e.g., fluorescent anisotropy decay of single-labeled DNA oligomers). These measurements are not inconsistent with the possibility that DNA bending is in fact simultaneous with the binding step, with only one transition state. However, an alternative explanation is that DNA bending occurs at a much faster rate than DNA binding and is not resolved in stopped-flow measurements. The time resolution of previous stopped-flow measurements would suggest a bending rate in excess of 100 s Ϫ1 , thus requiring the development of fast techniques.
In this study, we focus on the DNA bending dynamics of a short (Ϸ35 bp) DNA substrate that contains one of the cognate sites (HЈ site from base pairs 15-49 of phage DNA) and that binds specifically to Escherichia coli integration host factor (IHF). IHF is a multipurpose architectural protein, which plays an essential role in several cellular processes including sitespecific recombination, transcription, DNA replication, and phage packaging (16) (17) (18) (19) . The crystal structure of IHF bound to the HЈ site indicates that the DNA is kinked at two sites separated by Ϸ9 bp and that the overall bend in the DNA is Ϸ160° (Fig. 1) (7) . Thus, the end-to-end distance of the 35-bp DNA duplex is shortened from Ϸ100 Å to Ϸ50 Å upon IHF binding. Equilibrium FRET measurements in solution demonstrate that the end-to-end distance of HЈ in complex with IHF is in agreement with the crystal structure (20, 21) . Thus, the HЈ substrate labeled with fluorescent dyes is sensitive to the distance change and is suitable for direct measurement of DNA bending in solution by time-resolved FRET measurements.
A motivation for investigating the bending dynamics of HЈ bound to IHF comes from the results of Sugimura and Crothers (22) , who show in the accompanying article that the observed relaxation rate for IHF binding to HЈ, obtained by using stoppedflow with time-resolved FRET, saturates at high concentrations of IHF. These results suggest that the binding of IHF to HЈ and the bending of the HЈ substrate occur sequentially, and that at high IHF concentrations the bending of DNA becomes the rate-limiting step.
Here, we report direct measurements of the bending͞ unbending kinetics of HЈ bound to IHF, on submillisecond time scales, using a nanosecond laser temperature-jump (T-jump) to perturb the complex, and time-resolved FRET to monitor the kinetics. In the last decade, laser T-jump has emerged as a powerful tool whereby conformational changes in biomolecules can be monitored on time scales of submicroseconds-tomilliseconds (23) (24) (25) (26) (27) (28) (29) . The T-jump measurements, in combination with stopped-flow measurements, demonstrate that the binding of IHF to its cognate DNA site involves an intermediate state with straight or, possibly, partially bent DNA (Fig. 2) . Our results and analysis show that the time scales for DNA bending, when in complex with the protein, are consistent with spontaneous thermal fluctuations in base-pairing that can sharply bend͞kink DNA.
Results
We have combined two experimental techniques to probe the kinetics of DNA bending when the HЈ substrate binds to IHF: (i) conventional stopped-flow (time window Ϸ3 ms to a few seconds) and (ii) laser T-jump techniques (time window Ϸ200 ns to 20 ms). The termini of the 35-bp duplex DNA comprised of the HЈ site were labeled with fluorescein and TAMRA at the 5Ј ends of both strands in the duplex (Fig. 1b) , to monitor changes in the end-to-end distance. The buffer conditions in all measurements were 20 mM Tris⅐HCl (pH 8.0), 100 mM KCl, and 1 mM EDTA. This result is consistent with the fact that, in the unbound, straight DNA duplex, the distances between the donor and acceptor are too far for any appreciable energy transfer. (Using a Förster distance, for which the FRET efficiency is 50%, of R o Ϸ 50 Å for this pair, and separation between labels of Ϸ100 Å for a 35-bp DNA oligomer, the FRET efficiency is estimated to be Ͻ2% for straight DNA). Furthermore, the fluorescence emission of D-HЈ, with and without IHF, also show identical donor intensities, indicating that the quantum yield of the donor is not affected by interaction with IHF (21) . Therefore the ratio of the donor intensity of D-HЈ-A, with and without IHF, may be used directly to calculate the FRET efficiency, as described in Materials and Methods. Note that the small shoulder corresponding to acceptor fluorescence in the emission spectra of D-HЈ-A, in the absence of IHF, is most likely from direct excitation of TAMRA at 492 nm, consistent with the low absorption of TAMRA at that wavelength. Furthermore, the apparent lack of temperature dependence of the donor fluorescence in D-HЈ-A bound to IHF is as a result of a corresponding change in the donor fluorescence from a temperature-dependent change in FRET efficiency, as discussed below.
The FRET efficiency of D-HЈ-A bound to IHF decreases, from Ϸ0.51 to Ϸ0.45, as the sample is heated from Ϸ17°C to Ϸ40°C, indicating that the DNA unbends slightly, on average, as the complex is heated up (Fig. 3 Inset) . The equilibrium measurements were also done at lower concentrations of IHF and HЈ (Ϸ200 nM:200 nM). Although the absolute FRET value, obtained at 20°C, exhibits significant variations, of Ϯ0.1, from one set of measurements to another, the relative change in the FRET for the two sets of measurements are independent of IHF or HЈ concentrations. Thus, at these concentrations, the decrease in FRET efficiency with increasing temperature is from a unimolecular process, and not from thermal dissociation of the protein from the complex. We interpret this change in FRET as arising from thermal unbending of the DNA while still bound to IHF.
Thermal Stability of H and IHF. To ensure that HЈ and IHF remain stable under conditions of the T-jump measurements, we carried out thermal melting͞unfolding measurements on HЈ and IHF. The thermal melting of HЈ was monitored by absorbance changes at 266 nm, at HЈ concentration of Ϸ4.5 M. The melting temperature under our buffer conditions is Ϸ68°C (Fig. 4) . The thermal unfolding of IHF was monitored by temperaturedependent changes in the far-UV CD spectra, in the temperature range of Ϸ15-80°C. No changes in the CD spectra are observed at temperatures below 40°C (Fig. 4 Inset), with a thermal unfolding transition observed at Ϸ62°C (Fig. 4) . Similar set of CD measurements, carried out on a structurally analogous protein, Anabaena HU (8), at buffer conditions 10 mM Hepes (pH 7), 100 mM NaCl, and 1 mM EDTA, show that the thermal stability of HU increases with bound duplex, with the midpoint of the unfolding transition shifting from Ϸ57°C to Ϸ66°C (data not shown). Thus, we expect the HЈ-IHF complex to be additionally stable. It should be kept in mind that changes in the far-UV CD spectra monitor only the secondary structure disruption and are not proof that the tertiary structure is not disrupted. Nevertheless, the CD experiments, together with the consistent set of relaxation rates for the unimolecular process obtained from the stopped-flow measurements (22) , and T-jump measurements, as described in the next section, suggest that IHF is in its native conformation up to at least 40°C.
Stopped-Flow Measurements on H Binding to IHF.
Stopped-flow measurements were carried out to monitor the overall association rate for the binding of IHF to HЈ, under pseudofirst order conditions, with IHF concentration in large excess over the DNA oligomer concentration (22) . The relaxation kinetics, obtained with a time resolution of Ϸ3 ms, were monitored by timeresolved changes in the fluorescence emission of fluorescein, and are well described by a single exponential. The observed relaxation rates (k obs ) at low IHF concentrations scale linearly with the concentration, as expected for a pseudo first order bimolecular reaction, but saturate at high IHF concentrations (see figure 3 of ref. 22 ). In the context of a two-step mechanism, illustrated in Fig. 2 , this nonlinear dependence on the concentration implies that, at low IHF concentrations, the bending rate is fast compared with the bimolecular association step, and the kinetics monitor the bimolecular association, whereas, at high IHF concentrations, the unimolecular bending step becomes rate-limiting.
T-Jump Measurements on H-IHF Complex.
To test the hypothesis that the binding of HЈ to IHF proceeds through an intermediate state with DNA possibly partially bent, relaxation kinetics in response to a laser T-jump perturbation were carried out on HЈ-IHF complex, at concentrations of (5 M:5 M). The relaxation kinetics are well described by a single-exponential in the temperature range of 28 -37°C (Fig. 5a) . No kinetics are observed on labeled HЈ substrate, in the absence of IHF (Fig.  5b) . The observed relaxation rates, obtained from the T-jump measurements, are in excellent agreement with the limiting values obtained at high IHF concentrations in the stoppedf low measurements (Fig. 5c) . These results lend support to the interpretation that the stopped-f low measurements do indeed monitor the unimolecular bending͞unbending relaxation at high IHF concentrations, and which is the same relaxation, albeit at higher temperatures, that is monitored in our T-jump experiments.
As a control, we also carried out equilibrium and T-jump measurements on a 14-bp DNA duplex, d(GGCGGATATCG-CGG), end-labeled with identical FRET pair. For this length of DNA, there is energy transfer between the donor and acceptor in the absence of bound protein (12) . Thermal melting profiles, obtained from (i) fluorescence of donor and (ii) absorbance at 266 nm, showed identical melting profiles, with a melting temperature of Ϸ51°C (data not shown). T-jump experiments on this control oligomer exhibited no relaxation kinetics up to Ϸ50°C, indicating that the kinetics observed in the HЈ-IHF complex are not from any fortuitous change in FRET as a result of the T-jump, e.g., from thermal fraying of the ends of the duplex. We attribute the relaxation kinetics observed in our T-jump measurements to the overall unbending kinetics of HЈ bound to IHF.
The temperature-dependence of the relaxation rates for the bending͞unbending step obtained from the T-jump measurements are well described by an Arrhenius equation, with an apparent activation energy of Ϸ14.5 kcal͞mol, which is consistent with the activation energy of Ϸ16 Ϯ 3 kcal͞mol obtained from the stopped-flow data (22) . A global fit to the relaxation rates from the T-jump and stopped-flow data combined yields an apparent activation energy of Ϸ18 Ϯ 3 kcal͞mol. The relaxation rate for the unimolecular step is k uni Ϸ k bend ϩ k unbend A separation of the measured relaxation rate into k bend and k unbend is not straightforward, without prior knowledge of the preequilibrium constant for the bent͞unbent conformations in the bound complex, and this separation is further complicated by the possibility that, in fact, there must be a distribution of conformations. However, under the conditions of our measurements, where the complex is still mostly bent, we can safely assume that k bend Ͼ Ͼ k unbend and that the activation energy corresponds primarily to the enthalpy of bending the DNA, minus a small contribution to the measured activation energy (Ϸ4 kcal͞mol) from a temperature-dependent change in the viscosity of water (32) . Thus, the activation energy for the bending step is estimated to be Ϸ14 Ϯ 3 kcal͞mol.
Discussion
We have used laser T-jump measurements to perturb a complex of IHF bound to one of its specific sites, HЈ, and to monitor the DNA bending͞unbending dynamics while still in complex with the protein. The relaxation rates for this unimolecular process are found to be consistent with the limiting values for the overall association rate constant obtained from stopped-flow measurements at high IHF concentrations (Fig. 5c) . These results support the sequential model of DNA binding and bending to IHF, as illustrated in the kinetic scheme of Fig. 2 , with the bending͞ unbending step becoming rate-limiting for the complex formation at high IHF concentrations. This minimal scheme is not meant to capture the complexity of the dynamics of complex formation, which most likely includes multiple conformations of the DNA and the protein in each of the distinct states. For example, the unbound DNA (or protein) may exist as a distribution of structures, with the overall association rate depending on the equilibrium fraction of DNA (or protein) molecules that are in the right conformation to facilitate DNA binding (14, 33) .
Thus, one may pose the questions: Are prebent DNA conformations thermally accessible, and do they play a role in determining the specificity of binding? There is no doubt that the conformational flexibility of both the protein and the DNA plays an important role in finding the right fit. The correlation between sequence specific DNA ''bendability'' and binding affinity has been demonstrated very nicely for the binding of a repressor protein to sequences with differing elastic properties (34) . Micromanipulation experiments on RecA binding to DNA demonstrate that the binding affinity of RecA increases for mechanically prestretched DNA, suggesting that spontaneous thermal stretching fluctuations may be playing a role in the binding of RecA to DNA, and that RecA binds preferentially to thermally stretched DNA (9) .
Recently there has been a renewed interest in developing theoretical descriptions of the bendability of DNA beyond the wormlike chain description that have raised the question of spontaneous, sharp bending of DNA, either from local melting that leads to highly flexible single-stranded regions (11) , or from a sharp kink at sites of low stacking energy (35) . Yan and Marko (11) have proposed that, for short DNA fragments, a ''teardrop'' configuration with a sharp bend in the middle as a result of local bubble formation, has a lower free energy than the smoothly bent circle.
We now address the question as to whether the time scales of DNA bending observed in our experiments are consistent with spontaneous bending of DNA as a result of thermal disruption of one or more contiguous base pairs. Recent determination of base pair lifetimes, monitored by NMR measurement of imino proton exchange kinetics (36, 37) , have shown that single A:T base pair opening rates in B-DNA bracket the measured DNA bending rate from 10°C to 30°C (Fig. 5c ). In addition, the slope of the Arhennius plot in Fig. 5c for DNA bending is within the range of activation energies determined for single base pair opening (37) . Hence, it is plausible that opening a single A:T base pair is sufficient to nucleate DNA bending. However, we cannot rule out a slightly larger bubble size as the key nucleus for bending. The opening rate for G:C pairs appears to be too small to serve as the primary locus of bending.
The opening͞closing dynamics of bubbles in a cognate DNA substrate bound to IHF, monitored with imino proton exchange measurements, yield concerted opening and closing times of Ϸ750 ms and Ϸ5 s, respectively, at 30°C, for bubbles of size up to Ϸ6 bp in the consensus region of the DNA sequence (36) . Thus, the opening of bubbles in the DNA duplex, when it is tightly wrapped around IHF, is much slower than the DNA bending times observed in our kinetics measurements, and also much slower than the opening͞closing times observed at a single base pair level for uncomplexed B-DNA (36) (37) (38) .
The opening͞closing dynamics of internal bubbles in AT-rich stretches of dsDNA, flanked by GC-rich ''clamps,'' have also been monitored by fluctuation correlation spectroscopy (39) . These measurements yield characteristic relaxation time scales of 30-100 s for bubble dynamics in the temperature range of 20-50°C. Because these measurements were done below the melting temperature of the AT-rich regions, the observed relaxation times reflect primarily the closing kinetics, with the opening kinetics occurring much slower. These closing times are significantly slower than previously reported closing times for single base pairs, which are found to be in the range of Ϸ10-300 ns (38, (40) (41) (42) , and suggest that large bubbles are additionally stabilized, perhaps by stacking interactions in the singlestranded regions (39) .
Our experimental results suggest that the rate-limiting step in the bending of DNA is the disruption of one (or two) base pairs, nucleated at an A:T site. Thus, we can estimate the free energy barrier ⌬G bubble † for opening a minimal internal bubble that is sufficient to locally bend͞kink DNA, by using the equation bend Ϸ bubble ϭ 0 exp(⌬G bubble † ͞RT), where 0 is the preexponential factor (or the reconfiguration time) and R is the gas constant. An approximate estimate of this reconfiguration time is obtained from comparison of statistical mechanical calculations of the zipping and unzipping of doublestranded DNA (dsDNA) with experiments, which yields values for 0 of Ϸ125 ns (43), Ϸ300 ns (42), and Ϸ4 -190 ns (44) . Therefore, for bend Ϸ 2.4 ms at 37°C and assuming that 0 ranges from 10 to 300 ns, we get ⌬G bubble † in the range of 5.6 -7.7 kcal͞mol. Similarly, for bend Ϸ 12.8 ms at 20°C, we get ⌬G bubble † in the range of 6.2-8.3 kcal͞mol. These estimates for the free energy cost of opening a bubble inside DNA correlate very well with the range of equilibrium free energy changes, of Ϸ5.6 -9.2 kcal͞mol, for single base pair opening at 22°C, obtained from imino-proton exchange measurements (37) , and lend further support to the suggestion that that the bending times observed in our measurements correspond to the time scale for disruption of a single internal base pair in B-DNA.
Thus, a possible model for complex formation is one in which IHF binds nonspecifically to an Ϸ8-bp region of straight DNA, between the kink sites, with the A:T pairs located at the site of the kinks serving as nucleation sites for bubble formation and subsequent bending. Once the protein-DNA system overcomes this free energy barrier that characterizes the transition state (Fig. 6) , favorable interactions of the bent DNA with the protein, and conformational adjustments of the protein, such as the intercalation of the proline at the kinked sites, stabilize the complex.
Summary and Conclusions
Stopped-flow measurements on IHF binding to its native HЈ substrate indicate that the DNA binding and bending events are sequential and that, at protein concentrations in excess of Ϸ150 nM, the DNA bending͞unbending becomes the rate-limiting step in the association reaction. Laser T-jump measurements, in which the protein-DNA complex is disrupted by a rapid T-jump perturbation, provide an enhanced time window that extends the time resolution to shorter time scales, and allow for the complete observation of the time course of this unimolecular step. The stopped-flow and T-jump kinetics support the sequential model of DNA binding and bending to IHF. The time scales and activation energy for DNA bending are found to be within the range of the time scales and activation energies for the opening of a single, internal A:T base pair, thus suggesting that spontaneous opening of a small internal bubble nucleated at an A:T site may be sufficient to sharply bend͞kink DNA.
The laser T-jump measurements presented here represent just the beginning of the wealth of detailed information that one can obtain by probing the dynamics of molecular rearrangements in proteins and DNA during complex formation and open up the possibility of extending these studies to other protein-DNA systems.
Materials and Methods
Materials. Unlabeled and single-labeled DNA oligomers with either 5-(and 6-)carboxyfluorescein succinimidyl ester (Fl) or 5-(and 6-)carboxytetramethylrhodamine succinimidyl ester (Rh) at the 5Ј end were synthesized by the W. M. Keck Foundation and additionally purified as described by Sugimura and Crothers (22) . Concentrations of the single-stranded oligomers were determined by measuring the absorbance at 260 nm using the extinction coefficients from Borer (45) . To verify the extent of labeling, Fl and Rh concentrations were also determined in the labeled samples by measuring the absorbance of Fl-labeled strands at 494 nm and Rh-labeled strands at 555 nm and compared with the concentrations of the oligomers. For the dyes, the molar extinction coefficients at 260, 494, and 555 nm were taken from Haugland (46) . Equal molar concentrations of the complementary strands were mixed in the appropriate buffer conditions, and the sample was heated to 90°C followed by slow cooling to room temperature to allow for complete annealing. The protein concentrations were measured by absorbance measurements at 276 nm for IHF, with an extinction coefficient of 5,800 M Ϫ1 cm Ϫ1 (31).
Equilibrium FRET Measurements. The static fluorescence emission spectra were measured on a FluoroMax2 spectrofluorimeter (Jobin Yvon, Edison, NJ). The equilibrium FRET measurements were made by measuring the fluorescence emission spectra of double-labeled, Fl-HЈ-Rh substrates, with and without bound IHF, respectively, in the wavelength range of 500-650 nm, with excitation at 492 nm. The emission spectra were obtained as a function of temperature, with the cuvette temperature controlled by a circulating water bath. The sample temperature was measured by using a thermistor (YSI 44008; YSI, Yellow Springs, OH) in direct contact with the sample cell. The efficiency of energy transfer (E) between donor and acceptor can be calculated as the ratio of the donor fluorescence intensity of the single-labeled (Fl-HЈ) substrate (I D ) with the donor fluorescence intensity of the double-labeled (Fl-HЈ-Rh) substrate (I DA ), under identical conditions (e.g., with bound protein) to yield E ϭ 1 Ϫ I DA ͞I D . Measurement of the FRET efficiency gives information about the distance between the two ends of the DNA oligomer. The FRET efficiency is related to the donor-acceptor distance R,
where R 0 is the Förster distance at which the energy transfer efficiency is 50% (47) . Previous measurements by Sugimura (21), on Fl-HЈ and Fl-HЈ-Rh substrates, with and without bound IHF, showed that the fluorescence emission spectra of Fl-HЈ is unperturbed in the presence of IHF, and that the donor intensities of Fl-HЈ and Fl-HЈ-Rh are identical, in the absence of IHF. Thus, under these conditions, I D may be obtained from the donor intensity of double-labeled substrates without IHF, and the FRET efficiency in the complex with IHF can be obtained by the ratio of the donor intensity in Fl-HЈ-Rh samples, with and without IHF (Fig. 3) .
The temperature-dependent change in FRET was obtained by measuring the emission spectra of the Fl-HЈ-Rh substrate, with and without IHF, as a function of temperature. The error in our FRET measurements, from one sample to another, is about Ϯ 0.1. The primary source of error is from variations in the IHF and HЈ concentrations from one sample to another. To compare the temperature-dependent change in the FRET efficiency for two sets of samples at different concentrations of the IHF-HЈ complex (5 M:5 M and 200 nM:200 nM), the ratio I DA ͞I D for one set of measurements was multiplied by a scale factor to maximize the overlap in the FRET values between the two sets of measurements in the range of 17°C to 40°C, shown in Fig. 3 .
Laser T-Jump Spectrometer. Our T-jump spectrometer consists of a multimode Q-switched Nd:YAG laser (Continuum Surelite II, Santa Clara, CA; fwhm ϭ 6 ns, 300 mJ per pulse at 1.06 m) that is used to pump a 1-m-long Raman cell consisting of high pressure methane gas (27, 48) . The first Stokes line is separated from the fundamental by using a Pellin-Broca prism. The conversion efficiency at 1.54 m (measured after the prism) is Ϸ25%. The energy of the 1.54-m beam, measured at the sample position, is Ϸ40 mJ per pulse. The 1.54-m beam is focused to Ϸ1 mm (fwhm) on the sample cell. A typical T-jump achieved with this set-up is Ϸ10°C in a cell with path length of Ϸ500 m. The probe source is a 200-W Hg͞Xe lamp, with an interference filter at the wavelength of choice. The light throughput from the lamp is optimized by focusing the UV beam on to an Ϸ300-m aperture, which is reimaged inside the heated volume of the sample. The fluorescence emission (perpendicular to the incident heater and probe beams) is detected by using a Hamamatsu (Bridgewater, NJ) R928 photomultiplier tube. The photomultiplier signals are amplified with a 5-MHz current-to-voltage converter (C1053-51; Hamamatsu) and digitized with a 500-MHz transient digitizer (54825A; Hewlett-Packard, Colorado Springs, CO). The extent of the T-jump is obtained from the measured change in fluorescence of a control sample and calibrated against equilibrium measurements of the changes in the static fluorescence. The fluorescence was excited by using an interference filter centered at 470 Ϯ 5 nm, and the emission was monitored perpendicular to the excitation direction, with a combination of a long pass filter (Ͼ490 nm) and a short pass filter (Ͻ550 nm).
